Abstract: Radar sensor networks, including bi-and multi-static radars, provide several operational advantages, like reduced vulnerability, good system flexibility and an increased radar cross-section. However, radar-to-radar interference suppression is a major problem in distributed radar sensor networks. In this paper, we present a cross-matched filtering-based radar-to-radar interference suppression algorithm. This algorithm first uses an iterative filtering algorithm to suppress the radar-to-radar interferences and, then, separately matched filtering for each radar. Besides the detailed algorithm derivation, extensive numerical simulation examples are performed with the down-chirp and up-chirp waveforms, partially overlapped or inverse chirp rate linearly frequency modulation (LFM) waveforms and orthogonal frequency division multiplexing (ODFM) chirp diverse waveforms. The effectiveness of the algorithm is verified by the simulation results.
Introduction
In recent years, radar sensor networks, including bi-and multi-static radars, have received much attention [1] [2] [3] [4] [5] [6] [7] . In radar sensor networks, each radar can be an independent sensor that transmits a specified waveform and receives the corresponding returns. It also allows multiple passive receivers, operating at a close range, to receive the signals reflected from potentially hostile areas. These passive receivers may be teamed with the transmitters placed at a safe distance or they may make use of opportunistic illuminators, such as television and radio transmitters or, even, over-passing satellites [8] . All the radars can work cooperatively to obtain an improved performance [9] . They can be arranged to survey a large area and observe targets from different angles. For example, the radar sensor network that works in an ad hoc fashion, but is grouped together by an intelligent cluster-head was proposed in [10] . Moreover, radar sensor networks offer a potential to alleviate the blind speed problem that occurs when the Doppler frequency shift is equal to the same or a multiple of the pulse repetition frequency (PRF) [11] .
However, besides the time, phase and antenna synchronization [12, 13] , radar-to-radar interference is a major problem in radar sensor networks [14] , especially when two or more radars are concurrently operating in the same frequency band and, thereby, mutually interfering each another [15] . The occurrence of radar-to-radar interference is dictated by the radars operating within some given region juxtaposed against the available spectrum within which these radars may transmit. If operated in a cooperative manner, the collection of proximate radars may avoid the most severe interference condition, whereby one radar directly illuminates another. However, the accumulation of interferences from direct-path reflections and transmitter-receiver antenna sidelobe interaction can still yield significant sensitivity degradation from other in-band and near-band radars.
There exists several interference suppression methods that are reported to have good performance [16] [17] [18] [19] [20] [21] [22] , but each has some limitations or drawbacks. An intuitive method is to shift the radar carrier frequency to a frequency range that is not contaminated by the radar-to-radar interferences. However, this practice has a problem in that it is usually difficult to find a free band with sufficient bandwidth to operate for distributed radar sensor networks. An interference suppression algorithm was proposed in [23] to remove all the signals, except for the interference, similar to switching off the transmitter, for subtraction from the original radar signal. This algorithm has the limitation that the peaks must be separated from, or at least not totally occupied by, the interference. Additionally, several other methods in the time or frequency domain have been proposed to mitigate RF (radio frequency) interference in radar and radio systems, e.g., the time-frequency blanking [24] , reconstructing and then subtracting [25] and range domain orthogonal projection filtering [16] . Particularly, a multistatic adaptive pulse compression algorithm was proposed in [26] to separate concurrently received radar signals within the same frequency band given the knowledge of the individual radar waveforms. This algorithm is based on a recursive implementation of a minimum mean-square error formulation. An adaptive receive filter is estimated for each resolution cell of each received radar signal by utilizing the estimated values of the contemporaneous resolution cells. Although these methods work well for sinusoidal interferences, they are not suitable for dealing with wideband or nonstationary interferences, particularly wideband radar-to-radar interferences that typically occur in distributed radar sensor networks.
An amplitude limiting algorithm is proposed in [27] to suppress the mutual interferences of the other waveforms, but how to choose the limiting threshold is not provided [28] . Moreover, only the basic up-chirp and down-chirp waveforms are considered. This paper extends this to suppress wideband radar-to-radar interferences in distributed radar sensor networks with an adaptive decision threshold.
This algorithm uses first an iterative filtering algorithm to suppress the radar-to-radar interferences and then a separately matched filtering for each radar. Furthermore, the interference cancellation ratio is also investigated. The remaining sections are organized as follows. Section 2 presents the radar-to-radar interference suppression algorithm. Next, extensive numerical simulation examples and results are provided in Section 3. Finally, this paper is concluded in Section 4 with a short discussion of some other potential applications.
Radar-to-Radar Interference Suppression
As shown in Figure 1 , the signals received by each radar are comprised of the returned signals originating from multiple concurrently transmitting radars. Note that no synchronicity can be assumed for the multiple transmitting radars, as they do not need to be cooperative for some applications (the synchronization problem is out of the scope of this paper and can be found in our previous work [12] ). Without loss of generality, we assume that the illuminated scatterers and radar platforms have no excessively disparate velocities (relative to the operating center frequency and respective time-bandwidth products), such that the Doppler spread over the temporal extent of a reflected bistatic waveform is negligible. For applications in which the Doppler effects on the respective bistatic waveforms cannot be ignored, Doppler-shifted versions of the nominal bistatic waveforms will be employed in the processing framework as additional received waveforms. 
Radar-to-Radar Interference
Although directional beamforming can be steered towards the direction of the desired signal to reduce interferences, the desired radar will receive other radars' returns from its antenna main beam and sidelobes. The signals received by the n-th radar receiver can be represented by:
where m ∈ [1, 2, 3, . . . , M] and n ∈ [1, 2, 3, . . . , N], with M and N being the number of the transmitting and receiving radars, s m (t) is waveform transmitted by the m-th transmitting radar, α m,n is the channel coefficient for the m-th transmitting radar and the n-th receiving radar, τ m,n is the time for the signal propagating from the m-th transmitting antenna to the n-th receiving antenna and n(t) is the additive noise (no statistical assumptions are made on the characteristics of the noise at this time other than being independent of the radar returns).
In typical radars, the overlapped returns expressed in Equation (1) must be extracted separately for subsequent radar signal processing. Without loss of generality, we denote m = 1 as the index corresponding to the desired signal that we want to extract. Matched filtering with the reference function h 1 (t) = s * 1 (−t) with * being the conjugate operator to extract the returns associated with the first radar signal, s 1 (t), in the n-th radar:
where ⊗ is the convolution operator.
is the desired matched filtering output, n(t)⊗h 1 (t) is the unavoidable output associated with various system noise and M m=2 α m,n s m (t−τ m,n )⊗h 1 (t) is just the radar-to-radar interferences that we want to suppress in this paper.
If the waveforms used in the radar sensor network are perfectly orthogonal, then:
That is to say, in this case, there will be no radar-to-radar interferences in the radar sensor networks. A typical orthogonal waveform is the Barker code [29] ; however, Barker code-based waveforms have only a single carrier frequency, and consequently, they have low practicability in actual radar systems. Although waveform diversity design for multiple-input and multiple-output (MIMO) radars has received much attention in recent years [30] [31] [32] , their performance is based primarily on a waveform orthogonality assumption [33] . However, perfect waveform orthogonality cannot be implemented in actual radar sensor networks, and thus, we must develop some algorithms to suppress the radar-to-radar interferences.
In [32] , we presented the chirp diverse waveform for MIMOSARremote sensing, but we used only the simple matched filtering method to extract the desired returns without considering the mutual interferences.
Iterative Suppression Algorithm
In distributed radar sensor networks, a conventional matched filtering algorithm may be significantly impacted by the radar-to-radar interferences, due to imperfect waveform orthogonality. To resolve this problem, we present an iterative suppression algorithm based on the cross-filtering idea discussed in [27] . In the following, we assume the transmitted waveforms either occupy the same frequency band or the receiver bandwidth is large enough to receive any of the bistatic radar returns that only partially coincide with the frequency band allocated to other radars in the sensor networks.
For simplicity and without loss of generality, the additive noise, namely n(t) expressed in Equation (1), is ignored in the following discussions. The signals received by the n-th radar receiver can then be expressed as:
We denote m = 1 and n = 1 as the index corresponding to the desired monostatic radar pair using the first radar as the transmitter and receiver. To extract this desired radar return associated with s 1 (t) from the mixed multiple radar returns, we firstly match filtered the returns to the second radar signal, s 2 (t):
where h 2 (t) = s * 2 (−t) is the reference function corresponding to the second radar signal, s 2 (t). Obviously, the first term α 2,1 s 2 (t − τ 2,1 ) ⊗ h 2 (t) will have peaks, because it is the matched filtering results associated with the second radar signal, s 2 (t), and the remaining terms are the interferences coming from other radars.
The interferences can be removed by a specific filter, the impulse response function, h(t), of which is defined as:
where x(t) denotes the filter input signal, y(t) denotes the filter output signal and δ denotes the decision threshold. The impulse response, h(t), will vary with the change of the input, x(t). If the input, x(t), namely the matched filtering result, y 1,2 (t), is greater than the decision threshold, δ, the signal components that are greater than the threshold will be equal to zero. That is to say, we do not need to know the expression of the impulse response, h(t). Therefore, it is not necessary to derive the impulse response function, h(t). The selection of the decision threshold, δ, is conceptually similar to that of stop-band attention in the classic bandpass filter design [34] . In this paper, the decision threshold is adaptively determined by the mean of the matched filtering output. That is:
where E {·} is to calculate the average. Using this specific filter, we can get:
This equation just mathematically explains the amplitude-limited filtering algorithm, and we do not need to know h(t), because we easily can make the amplitudes of the signal components that are greater than the decision threshold equal to zero.
Fourier transforming with respect to the variable, t, yields:
where Y 1,2 f (ω), S 1 (ω − ω 1,1 ), H 2 (ω) and S m (ω − ω m,1 ) denote, respectively, the Fourier transforming representations of the Y 1,2 f (t), s 1 (t − τ 1,1 ), h 2 (t) and s m (t − τ m,1 ), with ω 1,1 and ω m,1 being the frequency shifts associated with the time shifts, τ 1,1 and τ 3,1 . The above equation can be further filtered by an inverse filter in the frequency domain with the transfer function, 1/H 2 (ω) [27] :
Applying an inverse Fourier transforming to Equation (10) yields:
It can be noticed that the interferences of the second radar corresponding to the second transmitted waveform, s 2 (t), have been suppressed at this step.
In the same manner, we further match filtered y 1,2i (t) to the third radar signal, s 3 (t):
where h 3 (t) = s * 3 (−t) is the reference function corresponding to the third radar signal, s 3 (t). Similarly, the second term can be removed by the specific filter, h(t):
where H 3 (ω) is the Fourier transforming representation of h 3 (t). It is further filtered by a filter in the frequency domain with the transfer function, 1/H 3 (ω):
After applying an inverse Fourier transform, we then have:
It can be noticed that the interferences of the second and third radars corresponding to the second and third transmitted waveforms have been suppressed at this step. The remaining interferences associated with other radars can be suppressed by iteratively applying the above suppression algorithm. In doing so, we then have: 
Therefore, we can obtain the desired returns associated with the first radar as:
The detailed processing steps of the above suppression algorithm are illustrated in Figure 2 . 
Interference Suppression Ratio
It is necessary to further investigate the interference suppression performance. Suppose we want to extract the returns associated with the m-th radar signal, s m (t). The corresponding matched filtering result without employing the interference suppression algorithm is:
where h m (t) is the matched filtering reference function for the first radar signal, s m (t). In contrast, when the interference suppression method is employed, according to (17) and (18), the final matched filtering result for the first radar will be:
Therefore, the suppression of the radar-to-radar interference can then be evaluated by the interference suppression ratio (ISR) defined as:
Numerical Simulation Examples
To evaluate the quantitative performance of the radar-to-radar interference suppression algorithm for distributed radar sensor networks, we performed several numerical simulations with different radar waveforms. To reduce radar-to-radar interferences, each radar in the distributed radar sensor networks should transmit a unique waveform, orthogonal to the waveforms transmitted by other radars. We simulate first the down-chirp and up-chirp waveforms, which are the most practical orthogonal waveforms in radar society. Suppose the two radars in the network use, respectively, the down-chirp and up-chirp waveforms (see Figure 3) with the following parameters: f s 1 = 100 MHz, f s 2 = 0 Hz, equal chirp bandwidth B r = 100 MHz and equal chirp duration T p = 10 µs. Figure 4 shows the comparative pulse compression processing results, where we want to extract the first radar's returns and suppress the mutual interference of the second radar. It can be noticed that the radar-to-radar interferences have been significantly suppressed by the interference suppression algorithm. Figure 5 gives the simulated interference suppression ratio. The interference levels have been suppressed at least by 20 dB. This improvement factor is important for detecting weak targets; otherwise, some weak targets will be submerged in the sidelobes and cannot be successfully detected by the radar processor. Although the down-chirp and up-chirp waveforms have good orthogonality, they offer only two orthogonal waveforms. We concluded in [35] that the chirp waveforms with an adjacent starting frequency and inverse chirp rate provide also a good mutual interference suppression performance. However, using an adjacent starting frequency means a wider total RF bandwidth and larger complexity for the radar hardware system. From a practical point of view, we think that a practical radar should use the chirp waveforms with equal chirp duration and an equal absolute chirp rate, so as to reduce the hardware system design complexity. For these reasons, we assume that three radars in the network use, respectively, the three waveforms (a, b and c) given in Figure 6 . Consider the following parameters: f s 1 = 50 MHz, f s 2 = 0 Hz, f s 3 = 100 MHz, equal chirp bandwidth B r = 100 MHz and equal chirp duration T p = 10 µs; Figure 7 shows the comparative pulse compression results, where we want to extract the first radar's returns. The returns associated with the second and third signals are undesired radar-to-radar interferences. It can be noticed from Figure 7a that there are unacceptable large sidelobes due to the interferences coming from the second and third radars. After suppressing the second radar signals with the proposed algorithm, it can be noticed from Figure 7c that the sidelobes are significantly reduced, but there still are high sidelobes in the two sides. It can be noticed from Figure 7d that these high sidelobes are further reduced after suppressing the mutual interferences associated with the third radar. It can be noticed from the interference suppression ratio shown in Figure 8 that the mutual interferences have been suppressed by about 20 dB. Orthogonal frequency division multiplexing (OFDM) is also a popular choice for distributed radar sensor networks, because OFDM offers advantages, such as robustness against multipath fading and relatively simple synchronization processing. OFDM-like waveforms have been shown to be suitable for radar applications [36, 37] and the feasibility of integrating communication functions in radar networks have also been explored in [38] . It has been proven in [39] that OFDM-coded radar waveforms are comparable with linearly frequency modulation (LFM) waveforms and, furthermore, experience no range-Doppler coupling. Therefore, we simulated the mutual interference suppression algorithm for two radars using the OFDM chirp diverse waveforms designed in [40] . As shown in Figure 9 , the two OFDM chirp diverse waveforms have the following parameters: 16 subcarriers, 16 chips; the subcarrier bandwidth is 10 MHz, and the chip duration is 1 µs. Figures 10 and 11 show the comparative pulse compression and interference suppression ratio results, respectively. It can be noticed that, although the OFDM chirp waveforms have good orthogonality, the interference sidelobes can be further reduced by applying the radar-to-radar interference suppression algorithm. This method is also suited for noise radars [41] , which can be processed in the same way. Figure 10 . Comparative pulse compression results for two radars using the OFDM chirp diverse waveforms: (a) without applying the mutual interference suppression algorithm; (b) with applying the mutual interference suppression algorithm. 
Conclusions
Due to the operational advantages, like reduced vulnerability, good system flexibility and increased radar cross-section, distributed radar sensor networks have received much attention in recent years. However, radar-to-radar interference is a major problem in radar sensor networks. In this paper, we propose an iterative radar-to-radar interference suppression algorithm based on the cross-matched filtering for distributed radar sensor networks. After analyzing the impacts of radar-to-radar interferences in distributed radar sensor networks, we derived the radar-to-radar interference suppression algorithm. This algorithm can be iteratively processed to suppress the radar-to-radar interferences one by one. We performed extensive numerical simulations with different waveforms that can be used in distributed radar sensor networks, such as down-chirp and up-chirp waveforms, the partially overlapped or inverse chirp rate LFM waveform and the OFDM chirp diverse waveform. The effectiveness of the proposed suppression algorithm is verified by simulation results. Note that the suppression algorithm is also suitable for other waveforms, e.g., polyphase code and noise waveform, not just the waveforms discussed in this paper, because no specific assumptions on the waveforms are assumed in deriving the algorithm.
